A low radar cross-section (RCS) wideband circularly-polarized (CP) dipole antenna using a frequency selective surface (FSS) is presented in this paper. A planar dipole antenna consists of a pair of slotted patches fabricated on top and bottom sides of the substrate is designed. The slotted patches are connected through a circular ring, which acts as a delay line to achieve circular polarization. In the proposed configuration, a band-stop FSS is employed for the antenna reflector, which improves the radiation performance and reduces the RCS of the dipole antenna. The impedance bandwidth (S 11 ≤-10 dB) of the proposed antenna is 0.95 to 3.1 GHz and 3-dB axial ratio bandwidth (ARBW) is 1.9 to 2.35 GHz. The proposed antenna shows the maximum and average RCS reduction of 20 dB and 6.9 dB, respectively, in the frequency range of 3.7 to 18 GHz. The simulated and measured results show that the maximum gain of the antenna increases by 5.9 dB by using FSS.
I. INTRODUCTION
For defense applications, there is a huge demand for wideband circularly-polarized (CP), high gain, and low radar cross section (RCS) antennas. Recently, the RCS reduction has become an active area of research, and therefore many solutions have been proposed by various researchers [1] - [9] . In [1] , the authors proposed a partially reflecting and absorbing meta-surface to enhance gain and reduce RCS of the antenna. The reported antenna used a metamaterial absorber (MA) to absorb most of the out-of-band incoming waves for RCS reduction while a Fabry-Perot (F-P) cavity was constructed to enhance the antenna gain. Similarly, in [2] , an asymmetrical meta-structure was employed to reduce RCS and increase the gain of the CP antenna. The proposed antenna achieved RCS reduction in the range of 4 to 13 GHz.
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Another technique to reduce RCS is to redirect the scattered energy in auxiliary directions. For this purpose, a chessboardbased arrangement of artificial magnetic conductors (AMC) [3] , [4] and polarization conversion meta-surfaces (PCM) [5] , [6] were used in F-P cavity antennas. Likewise, frequency selective surface (FSS) was also considered as a good candidate, which could improve radiation performance and also reduce the out-of-band RCS of the antenna [7] , [9] . An absorbing FSS was employed as a ground plane to reduce RCS of the planar antenna in the frequency range of 4 to 12 GHz [10] . In [11] , a coded FSS was used to reduce RCS of the microstrip antenna, with RCS reduction bandwidth of 6.2 to 12 GHz. However, the issues with the above-reported antennas are their narrow impedance bandwidth, linearly polarized (LP) behavior, and low radiation characteristics.
Printed dipole antennas are frequently used for various wireless applications such as point-to-point communication, body area networks (BAN), wireless sensor networks (WSN), satellite communication, etc. [12] , [13] . A triple-band dipole antenna comprised of composite right/left-handed (CRLH) unit cells was proposed in [14] . The multiband operation was realized by using non-identical via-less CRLH unit cells loaded in the dipole arms. In [15] , a complementary split ring resonator (CSRR)-loaded double-sided crossed dipole antenna was reported. In order to obtain a unidirectional radiation pattern and high value of gain, a cavity-backed reflector was employed with the patch antenna. A wideband CP crossed dipole antenna for ISM band with impedance bandwidth of 50.2 % and 3-dB axial ratio bandwidth (ARBW) of 27 % was presented [16] . A low profile dual-band dualpolarized AMC-based crossed dipole antenna was proposed with improved gain and ARBW [17] . In [18] , the reported antenna was comprised of four rotated metallic plates that were vertically added on the ground surface for bandwidth enhancement.
Although the dipole antennas proposed in [12] - [18] had wide impedance bandwidth, they suffered from low gain and high RCS issues due to the metallic ground plane. Therefore, in this work, a wideband low-RCS CP planar dipole antenna is designed. The proposed antenna achieves significant outof-band RCS reduction by using FSS, which is placed underneath the dipole. The paper is organized as follows: the design principle of an FSS structure and a double-sided planar dipole antenna are given in section II. Section III presents the integration of the FSS and dipole antenna, and the radiation characteristics of the proposed antenna. The simulated and measured results of the proposed antenna are discussed in section IV, and a brief conclusion is provided in section V.
II. ANTENNA CONFIGURATION A. DESIGN OF A PLANAR SLOTTED ANTENNA
The structure of the double-sided slotted dipole antenna is shown in Fig. 1 , which consists of two pairs of the slotted patches with each pair fabricated on the top and bottom surfaces of the FR-4 (relative permittivity of 4.4 and dielectric loss tangent of 0.02) substrate. The slotted patches are located orthogonally to each other as shown in Fig. 1(a) . The two patches printed on the top surface of the substrate are connected by means of a ring structure. In the same way, the dipole patches on the bottom surface of the substrate are also connected through a similar ring. The rings connecting the two patches act as a delay line to achieve circular polarization in the resonant frequency band [13] - [15] . The antenna is excited by a coaxial probe feed, where the signal pin of the SMA connector is connected to the patch at the upper surface and the ground of the SMA is connected to the patch at the bottom surface of the substrate. The side view of the proposed slotted antenna is shown in Fig. 1(b) , and dimensions of the antenna are given in Table 1 . on the FR-4 substrate with thickness h 1 . The top surface of the substrate consists of a metallic square loop with dimensions given in Table 1 , and the bottom conductor is etched out. As shown in Fig. 2 (c), the FSS unit cell is simulated using unit cell boundary conditions in x-and y-directions using the frequency domain solver in the CST microwave studio.
The simulated reflection and transmission coefficients of the band-stop FSS unit cell are shown in Fig. 3 (a). It is observed that the maximum reflection occurs in the range of 1 to 3 GHz and the resonant frequency of the FSS unit cell is 2.1 GHz. The simulated reflection phase of the FSS unit cell is shown in Fig. 3(b) . The FSS yields 0
• reflection phase at 2.25 GHz, and the reflection phase of the FSS for frequency range of 1.42 to 3.25 GHz varies monotonically from +90 • from −90 • . The equivalent circuit model of the FSS square loop consists of a series RLC circuit as depicted in Fig. 4 . It is clear that the dimensions of the FSS unit cell affect the values of L and C, which in turn decides the resonant frequency of the FSS. The inductance (L) exists due to the current flowing in the square loop, which depends on the periodicity and width of the square loop. The capacitance (C) exists due to the dielectric spacing between the conducting parts of the FSS, which basically depends on the periodicity and gap between the square loops. The inductive reactance (X L ) and capacitive 
where G (p, w, λ) is the correction term [16] , θ is the angle of incidence, λ is the wavelength at the resonant frequency, and Z o is the characteristic impedance in free space. Also, the FSS structure is loaded between free space and the FR-4 lossy dielectric substrate, and therefore the effective permittivity (ε eff ) is approximated as an average of the permittivity values for free space and the dielectric substrate [22] ε eff = (ε r + 1) 2 (4)
Therefore the effective capacitance of the FSS becomes C · ε eff , and the resonant frequency of the equivalent circuit shown in Fig. 4 is given as [20] - [22] f r = 1 2π LCε eff (5) For the equivalent circuit given in Fig. 4 , the values of inductance and capacitance calculated using (1), (2), and (3) are L = 11.96 nH and C = 0.25 pF, respectively. Also, the equations (4) and (5) are used to calculate the resonant frequency, f r = 1.96 GHz, which is slightly lower than the simulation results resonant frequency. Thus, it can be concluded that the simulated and calculated resonant frequencies approximately matches to each other.
To study further about the performance of the FSS, a parametric analysis on the dimensions of the FSS unit cell is performed as illustrated in Fig. 5 . In Fig. 5 (a), the variation of reflection coefficients of the FSS unit cell as a function of a is shown. It is observed that as the value of a decreases, the resonant frequency of the FSS shifts towards higher side, and, with a = 22 mm, the resonant frequency is 2.1 GHz.
From Fig. 5(b) , it is seen that, as the value of w increases from 0.5 to 2 mm, the resonant frequency of the FSS unit cell shifts towards the higher frequency range. It is clear that, as the width of the square loop increases, the resonant frequency of the FSS also increases. It is also observed that, as the value of w increases, the reflection bandwidth of the antenna increases. From Fig. 5 (c), it is observed that, as the center-tocenter spacing between the FSS unit cells is increased (from 24 to 27 mm), the resonant frequency shifts towards higher side. In Fig. 5(d) , the substrate thickness of the FSS unit cell, h 1 , is increased from 0.8 to 1.6 mm, and it is noticed that the resonant frequency slightly shifts towards the lower side. By considering the above parametric analysis, the optimized dimensions of the FSS unit cell are chosen as follows: a = 22 mm, w = 0.5 mm, p = 24 mm, and h 1 = 1.6 mm.
III. INTEGRATION OF THE ANTENNA WITH FSS
The proposed FSS, which is an array of 5 × 5 unit cells, is placed below the planar slotted dipole antenna as shown in Fig. 6(a) . The proposed FSS is effectively used as an electromagnetic wave reflector in the required frequency range. As depicted in Fig. 6(b) , the FSS is located at a distance of h 3 = 28.4 mm from the proposed slotted dipole. To better understand the performance of the proposed dipole antenna with FSS, the simulated radiation and scattering properties of three antenna types are investigated. The first is the slotted dipole antenna (shown in Fig. 1 ), the second is the dipole antenna with a metallic reflector (denoted as Ant. 1) as depicted in Fig. 7 , and the third is the proposed antenna with FSS (Ant. 2) as shown in Fig. 6 . The simulated reflection coefficients of the planar slotted antenna, Ant. 1, and Ant. 2 are shown in Fig. 8 (a). It is seen that the impedance bandwidth of the slotted antenna is 0.95 to 3.15 GHz, that of Ant. 1 is 1.6 to 3.1 GHz, and that of Ant. 2 is 0.95 to 3.1 GHz. The Ant. 1 is a slotted dipole antenna combined with a PEC reflector, and to achieve optimal impedance bandwidth, the location of the PEC reflector is adjusted to approximately quarter wavelength distance (h 1 ) below the dipole. To obtain a wideband slotted dipole antenna covering lower frequencies, the overall antenna size increases. If the PEC reflector distance h 1 is reduced for a low profile, then the radiated field generated from the image surface current on the PEC reflector surface tends to cancel out the main radiated field of the slotted dipole antenna. Therefore, wideband impedance matching for Ant. 1 is difficult with a lower profile configuration [23] . Therefore, with h 1 = 28.5 mm, the Ant. 1 achieves impedance matching only for higher frequencies, and it shows an impedance bandwidth of 1.6 to 3.1 GHz. In order to obtain a unidirectional radiation pattern with a lower profile, the Ant. 2 is combined with an FSS structure (at a distance of h 1 ). Since the reflection phase of the FSS (as shown in Fig. 3(b) ) varies with frequency from positive to negative values, it is easier to achieve wider impedance matching with careful consideration of the height (h 1 ) of the dipole and the FSS unit cell size.
Further, it is observed from Fig. 8(b) that the gains of Ant. 1 and Ant. 2 are significantly increased in the impedance bandwidth range as compared with that of the slotted antenna without a reflector. The peak gain of Ant. 1 is 8.2 dBi and that of Ant. 2 is 8.7 dBi, which are more than 5 dB higher than the peak gain of the slotted dipole antenna. However, in the lower frequency region, the gain of Ant. 2 is slightly less than the Ant. 1 because of the transmission property of the FSS. Fig. 8(c) shows ARBW of the slotted antenna, Ant. 1, and Ant. 2. It is observed that the 3-dB ARBW of the planar slotted antenna is 1.9 to 2.3 GHz, Ant. 1 is 1.5 to 1.6 and 2.4 to 2.5 GHz, while that of Ant. 2 is 1.9 to 2.35 GHz. Therefore, placement of the FSS structure significantly improves the radiation characteristics of the Ant. 2. On the other hand, placement of the PEC reflector at a gap less than quarter wavelength distorts CP radiation characteristics of the Ant.1. To further investigate the CP mechanism of the proposed antenna, the surface current distributions of Ant. 2 with different phase angles at 2.2 GHz are shown in Fig. 9 . By observing the current vectors with the different phase angles, it is observed that the surface current rotates in the clockwise direction. Therefore, it can be said that the proposed antenna is left-hand circularly-polarized (LHCP). Fig. 10 shows graphical representation of the proposed antenna for monostatic RCS calculations. In Fig. 10(a) , a plane wave incident on the proposed antenna is horizontally polarized (H-polarized) and the angle of incidence with respect to the z-axis is θ = 0 • . In Fig. 10(b) , an H-polarized plane wave is impinging on the proposed antenna with an incident angle of θ = 30 • . Likewise, in Fig. 10(c) , an H-polarized plane wave is impinging on the proposed antenna with an incident angle of θ = 45 • . The simulated monostatic RCS of the slotted dipole antenna, Ant. 1, and Ant. 2 under a horizontally-polarized incident plane wave is shown in Fig. 11 . The monostatic RCS values according to the incidence angles θ = 0 • , 30 • , and 45 • are shown in Figs. 11 (a), (b), and (c), respectively. As depicted in Fig. 11(a) , the RCS of Ant. 2 is much lower than that of Ant. 1. The average RCS reduction of the dipole antenna with FSS (Ant. 2) as compared with Ant. 1 is approximately 6.9 dB in the frequency range of 3.7 to 18 GHz.
Comparison of the three antennas under the verticallypolarized (when the electric field is in the y-direction) incident plane wave for incidence angles θ = 0 • , 30 • , and 45 • are shown in Fig. 12 , and noticeable RCS reduction is achieved by Ant. 2 for different incidence angles in the frequency range of 3.7 to 18 GHz. For θ = 30 • and 45 • as shown in Figs. 11 (b) and (c), respectively, noticeable RCS reduction is realized by Ant. 2 for most of frequency range from 3.7 to 18 GHz. The monostatic RCS is reduced for Ant. 2 under normal and oblique incidence as compared to Ant. 1.
IV. EXPERIMENTAL RESULTS
The FSS-based antenna (Ant. 2) is fabricated to verify the radiation and scattering performance of the proposed antenna. Fig. 13(a) shows photographs of the fabricated antenna prototype, where four plastic spacers are used to support the dipole structure and to maintain the gap between upper and lower substrates. The return loss of the proposed antenna is coefficients of the proposed antenna are shown in Fig. 13(a) . The measured impedance bandwidth of the antenna (S 11 less than −10 dB) is 0.9 to 3.2 GHz, which is slightly larger than the simulated result due to fabrication error and assembly tolerances. The simulated and measured gain curves of the antenna are shown in Fig. 13(b) . The measured peak gain of VOLUME 7, 2019 the antenna is 8.1 dBi, and the simulated peak gain of the antenna is 8.8 dBi.
The comparison of the simulated and measured axial ratio of the antenna is shown in Fig. 13(c) , and the measured ARBW of the antenna is slightly shifted towards a higher frequency. The simulated and measured 3-dB ARBW of the antenna are 1.9 to 2.35 and 2 to 2.45 GHz, respectively. To verify the sense of polarization, the simulated and measured LHCP and right hand circularly-polarized (RHCP) radiation patterns at 2.1 GHz are shown in Figs. 14 (a) and (b) (for ϕ = 0 • and 90 • ), respectively. From Fig. 14(a) , it is observed that the RHCP radiation pattern is 20 dB lower than the LHCP radiation pattern in the boresight direction, which proves that the proposed antenna is LHCP. Small deviations in the simulated and measured results are possibly due to SMA connector soldering, placement of the FSS layer, and cable effects.
To measure the monostatic RCS of the proposed antenna, two identical horn antennas are used as a transmitter and a receiver to cover the frequency band of 1 to 18 GHz, and the proposed antenna is matched by a terminated load of 50 . The transmitting horn antenna placed in the far-field region is used to transmit the plane wave towards the antenna under test, and the receiving horn antenna is used to receive the wave scattered by the proposed antenna. The separation angle between the two horn antennas is ∼3 • , and are connected to VNA for measurements. The simulated and measured monostatic RCS curves of the proposed antenna for horizontallyand vertically-polarized plane waves are shown in Fig. 15 . It is observed that simulated and measured results are in good agreement, and the minimum RCS of 22.5 dBsm is observed at 12.3 GHz. The proposed FSS effectively reduces the RCS of the antenna in the frequency range of 3.7 to 18 GHz.
The monostatic RCS of the proposed antenna as a function of incidence angles from −90 • to +90 • for horizontallyand vertically-polarized plane waves at 12.2 GHz are shown in Figs. 16 (a) and (b), respectively. The RCS of the proposed antenna is below −10 dBsm for most of the incidence angles for both horizontally-and vertically-polarized plane waves. Due to the stable RCS reduction property of the FSS, a good performance is observed for oblique angles of incidence. A comparison of the proposed antenna with the works discussed in the literature is given in Table 2 . It can be concluded that the proposed antenna achieves wider bandwidth, higher gain, and significant RCS reduction bandwidth with a lower profile as compared with the works discussed in the literature. 
